To date, it remains unclear how herbivore-induced changes in plant primary and secondary metabolites impact above-ground and below-ground herbivore interactions. Here, we report effects of above-ground (adult) and belowground (larval) feeding by Bikasha collaris on nitrogen and secondary chemicals in shoots and roots of Triadica sebifera to explain reciprocal aboveground and below-ground insect interactions. Plants increased root tannins with below-ground herbivory, but above-ground herbivory prevented this increase and larval survival doubled. Above-ground herbivory elevated root nitrogen, probably contributing to increased larval survival. However, plants increased foliar tannins with above-ground herbivory and belowground herbivory amplified this increase, and adult survival decreased. As either foliar or root tannins increased, foliar flavonoids decreased, suggesting a trade-off between these chemicals. Together, these results show that plant chemicals mediate contrasting effects of conspecific larval and adult insects, whereas insects may take advantage of plant responses to facilitate their offspring performance, which may influence population dynamics.
Introduction
Plants are consumed by above-ground and below-ground herbivores. In the context of above-ground and below-ground compartments, the interactions involved in the plant-herbivore system are complex [1, 2] . While above-ground and belowground herbivores affect plant shoots and/or roots, plants also mediate the interactions between above-ground and below-ground herbivores. Therefore, the outcomes of these complex interactions may vary from positive to neutral or negative, depending on the perspective of component identities ( plant or herbivore) and compartments (above-ground or below-ground) [1] [2] [3] [4] [5] [6] .
Plant chemicals mediate interactions between plants and herbivores [7, 8] . For example, tannins are considered especially important in defence against specialist insects as digestibility-reducing compounds [9, 10] . Damage by above-ground and/or below-ground herbivores may affect the levels of primary and secondary metabolites in plants, and changes in these chemicals can mediate the interactions of above-ground and below-ground herbivores [11] [12] [13] [14] [15] . For instance, Kaplan et al. [11] found in tobacco that root-feeding nematodes increased the performance of folivorous caterpillars by blocking synthesis of alkaloids that are transported to leaves, but caterpillars increased nematode performance by increasing nitrogen transport to roots. In cotton, root-feeding wireworms decreased foliar caterpillar performance by increasing foliar terpenoid levels, but caterpillars had no effect on wireworm performance [16] . In barley, root-feeding wireworms increased foliar aphid reproduction by increasing essential amino acids in leaves, but aphids increased wireworm mass by increasing root mineral content [13] . To date, however, there is no general framework to illustrate how herbivore-induced changes in plant primary and secondary metabolites impact aboveground and below-ground herbivore interactions.
Interactions of above-ground and below-ground herbivores, mediated by plant chemicals, may vary with conditions such as the sequence of herbivory, herbivore type and plant species [2] . Some herbivores, such as flea beetles, have both aboveground (adults) and below-ground (larvae) development stages. Attack in one plant compartment by one development stage can elicit prophylactic defence to subsequent feeding by another development stage in another compartment [5] . Such interactions between parents (adults) and offspring (larvae) may help to genetically link above-ground and below-ground herbivory [17] . Under such conditions, the 'mother knows best' hypothesis predicts that there is a strong selection pressure on adults to oviposit on plant parts of high nutrition or low resistance, facilitating offspring survival and development [18] . Because different life stages of the same species (adults versus larvae) may differ in response to direct and indirect defences, studies on a system with above-ground and belowground life stages of a single species may provide new insights into above-ground and below-ground interactions.
Here, we used Triadica sebifera (tallow tree, Euphorbiaceae; hereafter 'Triadica') and its specialist flea beetle, Bikasha collaris (Coleoptera: Chrysomelidae; hereafter 'Bikasha') as a study system to document how changes in plant chemicals mediate interactions between above-ground adults and below-ground larvae of a single species. Our previous studies show that Bikasha above-ground feeding adults increased the performance of below-ground feeding conspecific larvae, while larvae negatively impacted adult performance [19] . Furthermore, we found higher adult and larval survival on plants of Triadica populations that have lower tannin contents than on Triadica plants with higher tannin contents [19] . Our recent studies also show that there was a strong negative correlation between larval performance of a specialist caterpillar (Gadirtha inexacta) and tannins content [20, 21] . These results led to the hypothesis that levels of chemicals, especially tannins, may affect the interactions of Bikasha above-ground adults and below-ground larvae.
In this study, we extend our previous work with the TriadicaBikasha system to investigate the effects of above-ground and below-ground herbivory on carbon, nitrogen and secondary chemicals in shoots and roots, and the role of these chemicals in mediating interactions between above-ground and belowground feeding herbivores. Specifically, we ask: (i) how herbivory by above-ground adults or below-ground larvae, alone or in combination, affect carbon, nitrogen and secondary chemicals in shoots and roots; and (ii) whether such chemical changes are putatively related to reciprocal effects of above-ground and below-ground herbivores.
Material and methods (a) Study organisms
Bikasha is one of the most abundant and damaging specialist insects on Triadica [22, 23] , a rapidly growing, subtropical tree in southern China [24] . Adults feed on mesophyll tissue, producing irregular pits, whereas larvae burrow into roots and feed internally producing elongate tunnels. Bikasha passes the winter as an adult in soil and debris. It becomes active in late April or early May. Adults lay eggs in the ground, near roots. The embryonic development takes on average 8.7 + 0.1 days. Larvae take an average of 17.9 + 0.3 days to reach the pupal stage. The pupal duration averages 8.6 + 0.2 days and then adults emerge. The generation time of Bikasha is approximately one month [23] . Bikasha is multivoltine, passing through more than five generations per year. Its adult and larval life stages of different generations can be feeding on the same plant concurrently [23] .
In late October 2009, we collected seeds of Triadica from a single natural population near Wuhan, China (31833 0 N, 114807 0 E). We germinated seeds following the procedures of Huang et al. [19] . We transplanted seven-week-old seedlings individually into pots (16 cm height, 21 cm diameter) containing growing medium (50% topsoil and 50% sphagnum peat moss) that were arranged in an unheated greenhouse. To reduce potential adverse effects of host-specific soil biota, we collected topsoil from fields where no Triadica grew [25] [26] [27] . Subsequently, we enclosed each seedling in a nylon mesh cage (100 cm height, 27 cm diameter) that was fitted tightly to the rim of each pot to exclude insect herbivores. Then all seedlings were allowed to acclimate to ambient conditions for three weeks before the start of experimental treatments.
(b) Experiment design
The experiment was established as a 2 Â 2 full factorial design incorporating two levels of above-ground herbivory (0 versus 10 adult Bikasha per plant) and two levels of below-ground herbivory (0 versus 10 larval Bikasha per plant). Each combination was replicated 18 times, yielding a total of 72 plants.
Herbivory treatments followed Huang et al. [19] . In brief, the treatments were timed so that eggs were added for larval treatments at a time such that their hatching (9 days later) would coincide with the addition of adults. Above-ground adults were left on the plants for 18 days. This procedure allowed the periods of above-ground and below-ground herbivory to coincide as the average larval development time is 18 days. To prevent oviposition by adults in the soil and to make belowground herbivory experimentally independent of above-ground herbivory, the nylon mesh cage of each pot was sealed using string attached to the seedling stem below all leaves. Eggs and adults were from laboratory colonies originally collected from locally established natural populations.
At the end of the herbivory treatment (day 27), we recorded number of surviving adults for each plant (n ¼ 36; 18 with adults only and 18 with adults and larvae). Subsequently, we randomly selected 12 plants of each herbivory combination and harvested them for chemical analysis. We observed and removed adults emerging from the soil on the remaining plants that received larvae (n ¼ 12; six with larvae only and six with adults and larvae) to measure larval to adult survival. This procedure lasted 14 days, sufficient time for pupae to complete development (which typically takes 9 days) [23] .
(c) Chemical analyses
Six randomly selected replicates of each herbivory combination were analysed for tannins and flavonoids (n ¼ 24). Leaves, stems and roots were dried at 408C for 5 days and ground separately. Then samples were assessed by high-performance liquid chromatography, as described by Wang et al. [21] . We measured four tannins (gallic acid, catechin, tannic acid and ellagic acid) and five flavonoids (quercetin, iso-quercetin, quercetin glycoside, kaempferitrin and kaempferol) in leaves, stems and roots.
The remaining six replicates of each herbivory combination were analysed for carbon and nitrogen (n ¼ 24). Leaves, stems and roots were dried at 808C for 3 days. The ground samples were analysed for total carbon and nitrogen in an elemental autoanalyser (Vario MAX CN; Elementar, Hanau, Germany).
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To examine the effect of above-ground adult herbivory (with or without) on below-ground larval survival (arcsin square-root transformed) and the effect of below-ground larvae herbivory (with or without) on above-ground adult survival (arcsin squareroot transformed), we performed two separate one-way ANOVAs.
We assessed the effect of above-ground and below-ground herbivory (fixed effects) on total tannins, total flavonoids, carbon and nitrogen in leaves and roots using two-way ANOVAs. To assess the effect of above-ground and below-ground herbivory on levels of individual tannins and flavonoids in leaves and roots, we first conducted two-way MANOVAs (tannins and flavonoids in separate analyses). Then, we used two-way ANOVAs to examine responses of each chemical. We conducted other two-way ANOVAs to examine chemicals in stems. As a complement to these analyses, we performed a pair of three-way repeated ANOVAs to examine effects of above-ground and below-ground herbivory on distribution of tannins and flavonoids (separate analyses) between leaves and roots.
To examine trade-offs between total tannin and flavonoid concentrations, we performed a pair of reduced major axis (RMA) regressions (one for leaves and one for roots). Because there was no clear structure of predictor and response variable, ordinary least square (OLS) regression is not appropriate for this type of analysis [28] . RMA regression does not assume that there is no error in the variable on the x-axis, as does an OLS regression. All data analyses were performed with the statistical software SAS v. 9.0.
Results (a) Herbivore survival
The survival of adults and larvae each depended on the presence of the other life stage (figure 1). The presence of adult herbivores significantly increased larval survival (F 1,10 ¼ 12.43, p ¼ 0.006; figure 1a). By contrast, adult survival decreased when larval herbivores were present (F 1,34 ¼ 33.06, p , 0.0001; figure 1b).
(b) Tannins and Flavonoids
Herbivory by adults and larvae each significantly increased foliar tannins, resulting in high concentrations when both types of herbivores were present (table 1 and figure 2a; adults only , both, F 1,10 ¼ 6.67, p , 0.05). By contrast, each type of herbivory significantly decreased foliar flavonoids (table 1 and figure 2a) . Overall, there was a significant negative relationship between foliar tannins and flavonoids figure 2b ). When plants were exposed to adult herbivores only, root tannins were comparable with the no-herbivory treatment, but with both herbivores present root tannins were significantly lower than when only larval herbivores were present (figure 2b). Root flavonoids depended significantly on adult herbivory and the interaction of adult and larval herbivory (table 1) . The adult herbivory only treatment was significantly higher in root flavonoids than no-herbivory and larval herbivory-only treatments, but there were no differences among other pairs of treatment combinations. There was no relationship between root tannins and flavonoids (figure 2b). On average, every tannin was higher in leaves when adults were present (see electronic supplementary material, table S1 and figure S1), and every foliar flavonoid was highest in the no-herbivory treatment (see electronic supplementary material, table S2 and figure S1). On average, every tannin was highest in roots when only larvae were present, and lowest when both adults and larvae were present (see electronic supplementary material, table S1 and figure S1). Tannins and flavonoids in stems were mostly independent of treatments (see electronic supplementary material, table S3 and figure S1). The phenotypic correlations among roots and shoots depended on the interaction of larvae and adults for tannins, but only varied with larvae and adults as main effects for flavonoids (see electronic supplementary material, table S4).
(c) Carbon and nitrogen
In leaves, carbon depended on the interaction of adult and larval herbivory, but neither factor was significant as a main effect (table 1) . When plants were exposed to adult or larval herbivory alone, carbon was reduced relative to the no-herbivory treatment (figure 3). Foliar nitrogen and root carbon were each independent of all treatments (table 1 and figure 3 ). Herbivory by adults and larvae each significantly increased root nitrogen, resulting in high concentrations when both types of herbivore were present (table 1 and figure 3 ).
Discussion
In this study, we found Bikasha below-ground herbivory increased root tannins in Triadica plants but above-ground herbivory prevented this increase, whereas plants increased foliar tannins with above-ground herbivory and belowground herbivory amplified this increase. These changes in tannin contents in roots and leaves might be related to the reciprocal effects of above-ground and below-ground herbivores; that is, Bikasha above-ground feeding adults increased the performance of below-ground feeding larvae, whereas larvae negatively impacted adult performance. Additionally, we found above-ground herbivory either alone or in combination with below-ground herbivory elevated root nitrogen, probably contributing to increased larval survival. These results suggest that plants may mediate the contrasting interactive effects of above-ground and below-ground conspecific insect herbivores through changes in nitrogen and secondary metabolites.
The function of tannins in defence against herbivores, specialist insects in particular, has been well known for decades [29] . For example, tannins isolated from Betula resinifera produced approximately linear reductions in growth rate and survival of a beetle (Chrysomela falsa) when doses increased rspb.royalsocietypublishing.org Proc R Soc B 280: 20131318 from 0 to 12% [30] . In this study, we found that tannin content in Triadica roots and leaves changed with above-ground adult and below-ground larval feeding, and that the performance of adults and larvae were affected by each other. Our previous study showed that Bikasha adult and larval survivals were higher on plants of Triadica populations that have lower tannin content than those on Triadica plants with higher tannin content [19] . In addition, some of us recently also found that there was a strong negative correlation between larval performance of a specialist caterpillar (G. inexacta) and tannin content in Triadica leaves [20, 21] . Taken together, changes in tannins in roots and leaves may contribute to the variable performance of Bikasha above-ground adults and below-ground larvae, and their interactions. A growing body of evidence indicates that induced defence to above-ground herbivory may be substantially different from that to below-ground herbivory [14, [31] [32] [33] . The different tannin responses in above-ground and belowground tissues may also reflect an asymmetric induction and associated transportation in the plant. Tannins are reported to be produced in the leaves of many woody dicots [34] , thus, we assume that above-ground herbivory probably only induces and increases tannins in the leaves of Triadica. When roots are attacked, however, tannins may be first synthesized in the leaves and then transported to roots to defend against below-ground herbivory. Our results were consistent with previous findings that above-ground herbivory activated local defence in shoots, and below-ground herbivory elicited systemic defence in both shoots and roots [31, 33] .
In contrast to the pattern of tannins, flavonoids in the leaves were significantly decreased in all herbivory treatments, suggesting a trade-off between these two classes of defence chemicals. Flavonoids are known to be involved in defence against microbial pathogens, UV and drought, and resistance to nematodes and other generalist herbivore attack [35, 36] . Compared with tannins, flavonoids are not as prominent with respect to defence against herbivores, especially to specialists [37] . Thus, regarding defence to herbivory by specialists, such as the flea beetle in this study, tannins may be more important than flavonoids. Furthermore, tannins share a biochemical synthesis pathway with flavonoids. Hydrolyzable tannins (e.g. gallic acid and ellagic acid) are biosynthesized upstream of the flavonoids, and condensed tannins (e.g. catechin) are biosynthesized downstream as polymers of flavonoid molecules [36, 38, 39] . Thus, when plants are induced by herbivores, increasing hydrolyzable tannins may not correspond to a change in flavonoids, but increasing condensed tannins may result in a decrease in flavonoids.
Primary compounds involved in fundamental plant physiological processes may also have profound effects on the performance of insects [40] . In our study, nitrogen significantly increased in the roots when plants were exposed to aboveground and below-ground herbivores simultaneously. A growing body of evidence shows that most plants contain relatively low amounts of nitrogen, and insect herbivore performance is strongly limited by this nutrient [41] . Thus, our findings that nitrogen increases in the roots following damage by adult, larva and both herbivores may explain the increased below-ground larval performance.
Plant chemicals mediate the interactions of conspecific larval and adult insects, but insects could also take advantage of plant responses to facilitate their offspring performance, which may influence movement patterns and population dynamics. The adult oviposition preference and larval performance hypothesis suggested that adults prefer to oviposit on plants or in habitats where their offspring perform well [18] . Our results suggest that feeding by above-ground adults may itself increase the suitability of a host plant for below-ground larvae through decreasing tannin content and increasing nitrogen in roots. Indeed, the benefits of ovipositing on a plant receiving above-ground damage appear to be substantial. Conversely, the reduced performance of adults on plants with below-ground feeding larvae suggests benefits to adults dispersing to plants without root-feeding larvae following emergence. However, it is not known whether adult flea beetles recognize the presence of larvae or tend to choose plants for feeding or oviposition based on the presence of different herbivore life stages [2, 5] .
Herbivores with above-ground and below-ground life stages that feed on the same host plant are common in nature, including many Coleopteran species in the Chrysomelidae, Curculionidae and Scarabaeidae families. Study of the interactions of above-ground and below-ground life stages may provide new insights into the understanding of how those species interact with other heterospecific insects to shape communities. In addition to Bikasha, Triadica also supports many other above-ground herbivores, including caterpillars, weevils and leaf beetles [22] . The interactions of those above-ground herbivores with Bikasha larvae may be different from those for Bikasha adults. We expect that heterospecific defoliators may compete with Bikasha adults and inhibit Bikasha larvae as a result of resource competition. Also, relative to conspecific above-ground and below-ground insects that have genetic links (such as Bikasha), herbivore-induced defences in plant shoots and/or roots may differ from that of heterospecific insects [5, 17] . Further studies may help to better understand above-ground and below-ground insect community structure, and unravel the mechanisms underlying the complex interactions among heterospecific insects and species having both above-ground and below-ground life stages.
To understand above-ground-below-ground interactions under natural conditions, experiments should be conducted using the natural temporal sequences of above-ground and below-ground herbivores. For systems with differing aboveground and below-ground herbivore species, their interactions may be affected by the sequence of herbivory, herbivore types and host plant species [2] . For instance, Erb et al. [42] found in maize that noctuid moth feeding had a significant negative effect on colonization by a root-feeding beetle, but only when above-ground herbivores attacked the plant first. Most previous studies used different above-ground and belowground herbivore species, while tests on herbivore species that have both above-ground and below-ground life stages are rare [43] . Specialist flea beetles and root weevils whose adults eat leaves and larvae attack roots, however, may provide important systems for study of above-ground-below-ground interactions. As many of them, such as Bikasha in our study system, are multivoltine, the adult and larval life stages of different generations can be feeding on the same plant at the same time in nature, providing an ecological realism for using above-ground and below-ground herbivore combinations. A Bikasha adult can live as long as 50 days, whereas its larval stage is usually only 15-20 days. As the beetle can pass through more than five generations per year, herbivory by adults and larvae often overlap.
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Studies on a system with above-ground and below-ground life stages of a single species may also have important applied implications. Flea beetles and root weevils are often destructive agricultural pests or successful biological control agents of invasive plants. They have been recorded as important pests on soya beans, sorghum, grain, corn and several vegetable crop species. For example, corn flea beetles (Chaetocnema pulicaria) may cause severe damage on sweetcorn crops, and also carry Stewart's wilt bacterial disease, which may result in 40-100% yield loss [44] . With regard to biological control of invasive plants, Bikasha is being considered as a biological control agent for Triadica, which has become an important invasive plant in southeastern United States [23] . In addition, as biological control agents, the flea beetles Aphthona nigriscutis and Aphthona lacertosa were successful in the management of invasive weed leafy spurge (Euphorbia esula) in North Dakota by increasing native species richness and decreasing leafy spurge density by an average of 94% [45] . Thus, understanding above-ground and below-ground herbivore interactions of such species may help to improve pest management or weed biological control.
In summary, our study suggests that the contrasting interactive effects of above-ground and below-ground conspecific insect herbivores may be mediated by changes in plant nitrogen and secondary chemicals. While plants produce chemicals to respond to above-ground and below-ground herbivory, insects may take advantage of the responses to facilitate their offspring performance and impact population dynamics. These findings help us to better understand how plants evolve with above-ground and below-ground herbivores, and how these herbivores interact through plant chemical changes.
